Introduction {#s1}
============

Genetic linkage and association studies suggest a polygenetic contribution of multiple risk genes that influence the susceptibility to develop schizophrenia (Gejman et al., [@B24]). Candidates comprise genes involved in synaptic plasticity, signal transduction, neurite outgrowth, and cell adhesion (Robertson et al., [@B46]). Single gene mutations are thought to contribute to less then 0.1% to the heritability of schizophrenia. Still, mice with genetic manipulations of identified susceptibility genes may provide valuable tools for better understanding the neurobiology of schizophrenia and the development of new therapeutic strategies. Testing of endophenotypes related to schizophrenia in animal models generally is focused on deficits in cognition, attention, and negative symptoms like emotional blunting or social dysfunction (Kellendonk et al., [@B32]; Mazzongini et al., [@B40]; Amann et al., [@B2]). The analysis of morphological changes in such rodent models has provided strong support for the neurodevelopmental hypothesis of schizophrenia (Robertson et al., [@B46]; Jaaro-Peled et al., [@B30]; Lu et al., [@B37]).

One molecule widely involved in neural development is the Neural Cell Adhesion Molecule (NCAM), which mediates Ca^2+^-independent cell-cell and cell-extracellular matrix interactions during proliferation, cell migration, neurite outgrowth, axon fasciculation, and synaptic remodeling (Fields and Itoh, [@B22]; Ronn et al., [@B47]; Povlsen and Ditlevsen, [@B45]). Altered concentrations of NCAM isoforms and soluble NCAM fragments have been frequently observed in the cerebrospinal fluid of schizophrenic patients (Vawter, [@B61]; Brennaman and Maness, [@B11]), as well as in hippocampus, prefrontal cortex (PFC) and other cortical areas (Vawter et al., [@B62]; Gibbons et al., [@B25]; Gray et al., [@B26]). Moreover, genetic association studies have identified NCAM as candidate susceptibility gene for schizophrenia, although findings were inconsistent (Vicente et al., [@B63]; Sullivan et al., [@B53]), raising the question whether NCAM may play a causal role in development of schizophrenia symptoms.

This may be addressed in mice with a targeted disruption of the NCAM gene (NCAM^−/−^ mice). These animals display moderate changes of brain morphology, reduced rhythmic network activity in the hippocampus, mild cognitive impairment and emotional changes including increased aggression, anxiety, and anti-depressant like responses (Cremer et al., [@B17], [@B16]; Stork et al., [@B50], [@B52], [@B51]; Albrecht et al., [@B1]).

In this study we further investigated social behavior and attention deficits as core domains of schizophrenia, that previously could not be adequately assessed due to confounds from increased aggression (Stork et al., [@B50]) and memory deficits (Stork et al., [@B51]). Firstly, nest building behavior as a typical rodent behavioral feature linked to social activity (Crawley, [@B15]; Amann et al., [@B2]), and secondly social approach towards an unknown interaction partner in a three---chambered apparatus was assessed (Crawley, [@B15]), allowing to test for social behavior without interference by aggressive encounters in NCAM^−/−^ mice. Recently, we could demonstrate that deficits in both auditory cued and contextual fear conditioning can be overcome by a pre-exposure of NCAM^−/−^ mice to a neutral tone (CS-) and the training context (Albrecht et al., [@B1]). Engaging such pre-exposure strategies, we were now able to investigate attention processes in NCAM^−/−^ mice in a latent inhibition paradigm without adverse effects of fear memory deficits.

As NCAM^−/−^ mice displayed disturbed nest building, but normal approach towards conspecifics as well as normal latent inhibition in the current study, we could not sustain the hypothesis that loss of NCAM is a critical factor for schizophrenia-like behavioral changes in general.

Materials and methods {#s2}
=====================

NCAM mutants (backcrossed to C57Bl/6BomTac for \>12 generations) from heterozygous breeding were raised in groups of 2--6 under standard laboratory conditions with a 12 h day/night cycle (lights on at 7.00 P.M. with a 30 min dawn phase) and food and water ad libitum. Genotypes were determined by polymerase chain reaction as described previously (Stork et al., [@B51]). Mice were separated one week before the experiments and housed individually throughout the behavioral assessment. Testing of animals was always done during the dark cycle between 10.00 A.M. and 6.00 P.M. All experiments were in accordance with the European and German regulations and approved by the Landesverwaltungsamt Sachsonia-Anhalt AZ 2--441 and 2--618.

Social behavior
---------------

### Nest building

Male adult NCAM^+/+^ (*N* = 14) and NCAM^−/−^ mice (*N* = 18; 10--16 weeks of age) were provided with a 2.2 g pellet of bedding cotton (Nestlets, 5 × 5 cm, EBECO, Castrop-Rauxel, Germany) accessible through the food hopper. The amount of cotton collected for nest building was determined over time. Nest quality was judged by a trained observer, who was blind for the animals\' genotype, using a score system adapted from (Kalueff et al., [@B31]). (0 points = no nest through 4 points = hooded nest). In the same manner, nest quality was rated after paper tissue was provided directly in the cage (*N* = 6 for NCAM^−/−^; *N* = 7 for NCAM^+/+^) to control for potential differences related to the nesting material or material gathering. Additionally, body temperature was determined both with nesting material in the cage and 24 h after nest removal. A small animal thermometer (TD-300; Shibaura Electric Co. Ltd., Tokyo, Japan) pre-warmed to 37°C in baby oil was introduced rectally. Measurements were always done between 12:00 and 13:00 and completed within 2 min to avoid stress-induced hypothermia.

### Social approach

NCAM^−/−^ (*N* = 8) and NCAM^+/+^ mice (*N* = 10) were introduced into the center compartment of a 40 × 60 cm three-compartment chamber. Transparent acryl plates with 6 × 6 cm openings allowed free access to the neighbouring compartments each containing a perforated acrylic glass cylinder (diameter: 8 cm) for housing an interaction partner. After 5 min of free exploration test mice were confined to the center compartment for 1 min while an unfamiliar male wild type mouse serving as interaction partner was placed in one of the cylinders while the cylinder in the other compartment remained empty. The test mouse was allowed to explore all compartments for 30 min during which movements were video recorded and tracked with ANY-maze (Stoelting, Wood Dale, IL, USA). An observer blind for genotype of the test mouse and location of the interaction partner scored direct contacts with key presses.

Latent inhibition
-----------------

To generate latent inhibition, NCAM^−/−^ mice (*N* = 12) and their NCAM^+/+^ littermates (*N* = 12) were pre-exposed to 40 CS+ tones (10 kHz, 85 dB SPL), which were presented in four sessions of each 10 over two days. In each session, after 2 min of habituation, ten 10 s stimuli were presented with inter-stimulus-intervals (ISI) of 20 s (CS+ PE group). A second group of NCAM^−/−^ (*N* = 12) and NCAM^+/+^ mice (*N* = 12) received pre-exposure to 40 neutral acoustic stimuli of 2.5 kHz (CS-- PE group) and a third group of NCAM^−/−^ (*N* = 12) and NCAM^+/+^ mice (*N* = 12) was pre-exposed only to the training context, but no tone (Cxt PE). In all groups, fear conditioning on day three was done by pairing three CS+ (9 s, 10 kHz, 85 dB) with mild electric foot shocks (1 s, 0.4 mA; ISI 20 s). Fear memory retrieval was tested 24 h later in a neutral context. After 2 min sets of each four CS− and four CS+ with 20 s ISI were presented for auditory cued fear memory. On the next day, memory to the training context was tested for 2 min. Freezing behavior as a measure of fear memory was determined with a photo beam detection according to previously established parameters (Laxmi et al., [@B35]; Albrecht et al., [@B1]).

Results {#s3}
=======

Social behavior
---------------

### Nest building

The analysis of cotton sampling activity showed a significant effect of genotype on the amount of nesting material used \[ANOVA with effect of gene *F*~(1,\ 30)~ = 35.887; *p* \< 0.001\]. Over time, animals of both genotypes collected more nest material \[repeated measurement ANOVA with time as factor: time *F*~(5,\ 150)~ = 31.895, *p* \< 0.001\], but a genotype effect was observed over time \[time × genotype interaction *F*~(5,\ 150)~ = 9.928, *p* \< 0.001\]. In fact even after 48 h NCAM^−/−^ mice had used only 32 ± 8.8% (mean ± SEM), while their NCAM^+/+^ littermates had taken 80 ± 9.3% of the provided cotton (Figure [1A](#F1){ref-type="fig"}).

![**Disturbed nest building, but normal social approach in NCAM^−/−^ mice. (A)** NCAM^−/−^ mice collected continuously less amounts of cotton tissue from the food hopper than their wild type littermates. **(B)** Consistently, NCAM^−/−^ mice built only primitive flat nests. **(C)** Similar, when tissue paper was provided as nesting material in the cage NCAM^−/−^ mice built only nests of poor quality, as assessed after one week. **(D)** The body temperature of NCAM^−/−^ mice did not differ significantly from NCAM^+/+^ mice either with a nest available at t 0 or 24 h after removal of the nesting material at t 24. **(E)** In a social interaction test NCAM^−/−^ mice displayed no deficits in direct approaches towards a tube containing the stranger mouse (left column) and showed comparable amounts of contacts towards an empty tube compared to NCAM^+/+^ mice. Values are indicated as mean ± SEM. ^\*^Significant difference between genotypes with *p* \< 0.05; ^\*\*^*p* \< 0.01; ^\*\*\*^*p* \< 0.001.](fnbeh-06-00043-g0001){#F1}

Moreover, NCAM^−/−^ mice built only primitive nests, while NCAM^+/+^ animals managed to form more complex, cup-shaped nests with the collected cotton \[ANOVA for effect of gene: *F*~(1,\ 30)~ = 36.872; *p* \< 0.001\]. It took all animals several hours to construct their nests \[repeated measurement ANOVA with time as factor: time *F*~(5,\ 150)~ = 25.552; *p* \< 0.001\], but the genotype effect was stable over time \[time × genotype: *F*~(5,\ 150)~ = 5.004, *p* \< 0.001; Figure [1B](#F1){ref-type="fig"}\].

Similarly, when the nesting material was provided directly in the cage, NCAM^−/−^ animals built nests of poor quality, revealing a significant effect of the genotype \[ANOVA for effect of gene: *F*~(1,\ 12)~ = 53.269; *p* \< 0.001; Figure [1C](#F1){ref-type="fig"}\].

Since an altered function of the serotonergic system has been described in NCAM mutant mice (Stork et al., [@B51]) that might affect nesting behavior by altering thermoregulation, we measured the body temperature in the presence of the nest (t 0) and 24 h after its removal (t 24). No significant difference between genotypes could be observed \[ANOVA for effect of gene at t 0: *F*~(1,\ 10)~ = 0.209; *p* = 0.675; at t 24: *F*~(1,\ 10)~ = 4.197; *p* = 0.068\], suggesting a normal thermoregulatory control in NCAM mutant mice (Figure [1D](#F1){ref-type="fig"}).

### Social approach

Over the 30 min test period, repeated measures ANOVA with 5 min segments as repeated factor and genotype as inter-subject factor revealed no difference between genotypes for the time spent either in the compartment with the stranger mouse \[*F*~(1,\ 16)~ = 1.381; *p* = 0.257\] or for time spent in the empty compartment \[*F*~(1,\ 16)~ = 2.035; *p* = 0.173\]. Mice of both genotypes spent more time in direct contact with the tube containing the stranger mouse, with contact time decreasing over the test period \[segment: *F*~(5,\ 80)~ = 3.662; *p* = 0.005; genotype: *F*~(1,\ 16)~ = 1.666; *p* = 0.215\]. Time spent in direct contact with an empty tube also decreased over the test segments \[*F*~(5,\ 80)~ = 2.756; *p* = 0.024\], but again no difference between genotypes was detected \[*F*~(1,\ 16)~ = 0.461; *p* = 0.507; Figure [1E](#F1){ref-type="fig"}\].

Together, NCAM^−/−^ mice showed social affiliation behavior towards a stranger mouse comparable to their wild type littermates, although nest building was disturbed in the mutant mice.

Latent inhibition
-----------------

Latent inhibition of auditory cued fear memory was achieved in NCAM^−/−^ and NCAM^+/+^ mice by pre-exposure to the conditioned tone before training (CS + PE), and compared to control groups that received pre-exposure to the context (Cxt PE) or a neutral tone (CS -- PE).

Freezing to the CS+ during the retrieval was affected by genotype and pre-exposure \[Two-Way-ANOVA for genotype: *F*~(1,\ 65)~ = 5.829; *p* = 0.019; for group: *F*~(2,\ 65)~ = 15.295; *p* = 0.000; genotype x group interaction: *F*~(2,\ 65)~ = 2.946; *p* = 0.06\]. Mice of both genotypes showed comparably low levels of freezing to the CS+ after CS+ pre-exposure (mean ± SEM: 12.99 ± 3.53 for NCAM^+/+^ and 15.42 ± 2.84 for NCAM^−/−^ mice). Targeted comparison of pre-exposure group effects in each genotype demonstrated successful latent inhibition in NCAM^+/+^ mice with significantly higher levels of freezing after context pre-exposure (mean ± SEM: 37.71 ± 4.52; *p* = 0.000 to CS + PE) and CS-- pre-exposure (mean ± SEM: 39.93 ± 3.73; *p* = 0.000 to CS + PE). In NCAM^−/−^ mice freezing to the CS+ was also significantly increased after CS-- pre-exposure (mean ± SEM: 30.76 ± 3.77; *p* = 0.009 to CS + PE). However, after context pre-exposure, freezing to the CS+ was reduced in NCAM^−/−^ mice (mean ± SEM: 20.98 ± 5.20; n.s. to CS + PE) compared to their wild type littermates (*p* = 0.024; Figure [2A](#F2){ref-type="fig"}).

![**No deficits of latent inhibition in NCAM^−/−^ mice. (A)** Freezing response to the conditioned stimulus (CS+) was reduced in both genotypes when pre-exposure to the CS+ was conducted (CS + PE). NCAM^−/−^ mice show reduced freezing when pre-exposure occurred only to the training context (Cxt PE). **(B)** Freezing response to the context was reduced in NCAM deficient mice when pre-exposed to the CS-- only (CS--PE). Values are indicated as mean ± SEM. ^\*\*^Significant difference between pre-exposure procedures, *p* \< 0.01; ^\*\*\*^*p* \< 0.001. ^\#^Significant difference between genotypes, *p* \< 0.05; ^\#\#\#^,*p* \< 0.001.](fnbeh-06-00043-g0002){#F2}

Freezing to the context, in which the training occurred, was not affected by the different pre-exposure paradigms \[Two-Way-ANOVA; effect of group: *F*~(2,\ 65)~ = 1.252; *p* = 0.293\]. However, ANOVA revealed an effect of genotype \[*F*~(1,\ 65)~ = 7.242; *p* = 0.009\] and a genotype × group interaction \[*F*~(2,\ 65)~ = 3.336, *p* = 0.042\] on freezing towards the conditioned context. While NCAM^+/+^ mice showed comparable amounts of freezing in each pre-exposure group (mean ± SEM: 44.44 ± 7.16 for context pre-exposure; mean ± SEM: 56.60 ± 6.87 for CS-- pre-exposure; mean ± SEM: 51.67 ± 7.08 for CS+ pre-exposure), they displayed reduced freezing to the context when pre-exposed to the CS-- (mean ± SEM: 21.11 ± 3.69 for CS-- pre-exposure vs. 47.01 ± 8.89 for CS+ pre-exposure; *p* = 0.009; *p* = 0.000 NCAM^+/+^ vs. NCAM^−/−^ in CS+ pre-exposure; Figure [2B](#F2){ref-type="fig"}).

Together, these results demonstrate that in NCAM^−/−^ mice normal latent inhibition of auditory cued fear memory is possible, in spite of specific memory deficits to both CS+ and the training context.

Discussion {#s4}
==========

In the current study we tested the hypothesis that previously observed neurodevelopmental, cognitive and emotional deficits in NCAM^−/−^ mice may be part of a complex phenotype of schizophrenic-like behavior. To this end, we further analyzed social interaction and attention that previously could not be adequately assessed due to confounds from increased aggression (Stork et al., [@B50]) and memory deficits (Stork et al., [@B51]). Our results reveal disturbed nest building, but normal approach towards conspecifics in NCAM^−/−^ mice, as well as normal latent inhibition compared to wild types and to mutants with attenuated memory deficits. Hence although several behavioral domains affected in schizophrenia are sensitive to NCAM mutation, the overall phenotypic profile of NCAM^−/−^ mice does not fully resemble a schizophrenic-like pattern.

A genetic mouse model cannot be expected to reproduce all aspects of schizophrenia, especially considering the variability among schizophrenia patients and similarities to other disorders. For example, impaired social interaction is also a core feature of autism spectrum disorders and there exists an overlap between autistic and, especially, negative symptoms of schizophrenia (e.g., affective flattening, social impairments, and poor communication) as well as a shared difficulty to adapt to novel and stressful situations (see Tordjman et al., [@B57] for review). In fact, several well established models display morphological and behavioral alterations in some, but not all domains (e.g., disrupted in schizophrenia-1 (DISC-1), neuregulin-1 (NRG-1), NMDA receptor subunit 1 (NR1) or catechol-o-methyltransferase (COMT); (for review, see: Gainetdinov et al., [@B23]; O\'Tuathaigh et al., [@B42]; Kellendonk et al., [@B32]; Jaaro-Peled et al., [@B30]; Lu et al., [@B37]). Nevertheless, some of the behavioral and morphological phenotypes associated with schizophrenia have been observed in NCAM^−/−^ mice (see Table [1](#T1){ref-type="table"} for overview). These include morphological alterations like a reduced olfactory bulb size (Cremer et al., [@B17]; Stork et al., [@B51]) and disturbed mossy fiber architecture (Cremer et al., [@B16]), which have likewise been reported in schizophrenic patients (Turetsky et al., [@B58]; Kolomeets et al., [@B34]; Tamminga et al., [@B54]). Alterations in neural connectivity are also related to changes in oscillatory activity in the theta and gamma frequency range that are frequently observed in schizophrenic patients (Uhlhaas et al., [@B59]; Lisman, [@B36]). In NCAM^−/−^ mice, a reduced amygdalo-hippocampal theta synchronization is observed during fear memory retrieval (Albrecht et al., [@B1]).

###### 

**Phenotypes of NCAM^−/−^ mice relevant to schizophrenia**.

  **Functional domain**            **Factor tested**                       **Findings in NCAM^−/−^ mice**               **Reference**
  -------------------------------- --------------------------------------- -------------------------------------------- ----------------------------------------------------------------------
  **BRAIN MORPHOLOGY**                                                                                                  
                                   Olfactory bulb Hippocampus              reduced size, disturbed migration from SVZ   Cremer et al., [@B17]; Stork et al., [@B51]
                                                                           disturbed mossy fiber architecture           Cremer et al., [@B17], [@B16]
  **ELECTROPHYSIOLOGY**                                                                                                 
                                   Theta oscillation                       reduced hippocampal theta synchronization    Albrecht et al., [@B1]
  **BEHAVIOR**                                                                                                          
  Locomotion                       Open field activity                     ↑                                            Stork et al., [@B51]
  Sensory gating                   PPI                                     =                                            Plappert et al., [@B44]
  Attention                        Latent inhibition                       =                                            Figure [2](#F2){ref-type="fig"}
  Cognitive functions              Morris Water Maze                       ↓ ↓^\*^ ↓↓ by stress^\*^                     Cremer et al., [@B17]; Bisaz et al., [@B6]; Bisaz and Sandi, [@B8]
                                   Contextual fear conditioning            ↓ / = ↓↓ by stress                           Albrecht et al., [@B1]; Stork et al., [@B51]
                                   Cued fear conditioning                  ↓ / = ↓^\*^                                  Albrecht et al., [@B1]; Stork et al., [@B51]; Bisaz and Sandi, [@B7]
  Social interaction               Nest building                           ↓                                            Figures [1A--D](#F1){ref-type="fig"}
                                   3-compartment test                      =                                            Figure [1E](#F1){ref-type="fig"}
  **NEUROTRANSMITTER SIGNALING**                                                                                        
  Serotonergic signaling           5HT1A receptor expression               =                                            Stork et al., [@B52]
                                   Sensitivity to serotonergic compounds   ↑                                            Stork et al., [@B51]
  Dopaminergic signaling           D2 receptor expression                  ↑                                            Xiao et al., [@B66]
                                   Sensitivity to dopaminergic compounds   ↑                                            Xiao et al., [@B66]

Comparison of morphological (Turetsky et al., [@B58]; Kolomeets et al., [@B34]; Tamminga et al., [@B54]) and electrophysiological alterations (Uhlhaas et al., [@B59]; Lisman, [@B36]) found in schizophrenic patients as well as behavioral assays relevant for schizophrenia- associated symptoms (Mazzongini et al., [@B40]; Amann et al., [@B2]) and altered neurotransmitter signaling (Joober et al., [@B30a]) with alterations in NCAM^−/−^ mice described previously and in this study. ^\*^Indicates findings from conditional, forebrain-specific NCAM deficient mice. Some cognitive deficits in constitutive and conditional NCAM^−/−^ mice can be further enhanced by stress.

NCAM^−/−^ mice also display some behavioral changes potentially related to schizophrenia, e.g., hyperactivity and impaired spatial learning (Cremer et al., [@B17]; Stork et al., [@B51]). Interestingly, cognitive deficits in contextual fear conditioning were augmented in NCAM^−/−^ mice using more stressful paradigms (Albrecht et al., [@B1]). In conditional NCAM deficient mice with a forebrain-specific postnatal reduction of NCAM expression disturbed cognitive functions are also evident in fear conditioning as well as spatial and reversal learning in the Morris water maze (Bisaz and Sandi, [@B7]; Bisaz et al., [@B6]). This suggests that disturbance of acute NCAM-mediated cell recognition events rather than developmental effects of NCAM deficiency may cause these cognitive impairments. Moreover, subchronic stress further enhances deficits in water maze reversal learning in the conditional NCAM deficient mice but has no effect on their wildtype littermates (Bisaz and Sandi, [@B8]), suggesting that reduced NCAM expression may serve as a vulnerability factor for expression of behavioral impairments after stressful experience. This is in line with observations in schizophrenia, where psychosocial stress can trigger the initial expression or exacerbation of symptoms (Walker et al., [@B64]).

However, the changes reported so far are not disease-specific and alterations in behavioral domains not directly relevant for schizophrenia could compromise the analysis in these animals. In the current study we employed paradigms in which confounding conditions are minimized to analyze two core symptoms of schizophrenia, loss of sociability and attention deficits.

Considering that NCAM^−/−^ mice show increased aggressive behavior in an intruder aggression paradigm, we engaged non-confrontative paradigms to test social behavior without aggressive encounters. Firstly, we assessed nest building behavior as a typical rodent behavioral feature linked to social activity (Crawley, [@B15]; Amann et al., [@B2]). Nest building behavior is a species-specific innate behavioral response important for thermoregulatory control and critical for the fitness of wild and laboratory mice (DeLuca et al., [@B18]; Bult and Lynch, [@B12]). However, we observed in NCAM^−/−^ mice a severe quantitative and qualitative disturbance of nest building that was independent of any change in body temperature or response to novelty. Nest building is disturbed in various mutants with social interaction deficits (Moretti et al., [@B41]; Crawley, [@B15]; Samaco et al., [@B48]; Etherton et al., [@B21]) and also observed in other mouse models for schizophrenia (Belforte et al., [@B4]). Therefore secondly, we analyzed social approach towards an unknown interaction partner in a three---chambered apparatus, which allows for sensory contact but prevents aggressive encounters (Crawley, [@B15]). Under these conditions, a non-significant trend of NCAM^−/−^ mice to increasingly approach the unfamiliar interaction partner was detectable. Since olfactory deficits in NCAM^−/−^ mice (Cremer et al., [@B17]) have been described, we employed an additional social interaction apparatus that allows tactile interaction between test and stranger mouse (i.e., a smaller compartment containing the interaction partner is divided from a larger compartment containing the test animal by a wire mesh fence). Again, NCAM^−/−^ mice displayed comparable levels of interaction to their wild type littermates (data not shown), thus supporting our finding of undisturbed social approach in a neutral test setting, in spite of reported aggression, hyperactivity and olfactory deficits (Cremer et al., [@B17]; Stork et al., [@B51]).

Disturbance of attentive stimulus processing is another hallmark of schizophrenia with patients giving and maintaining increased attention to irrelevant stimuli (Weiner, [@B65]; Lubow, [@B38]). In rodents, attention deficits can be uncovered in a latent inhibition paradigm, in which repeated stimulus pre-exposure attenuates its association with an unconditioned stimulus (Weiner, [@B65]). Since NCAM^−/−^ mice display deficits in both auditory cued and contextual fear conditioning (Stork et al., [@B51]), investigation of latent inhibition in these paradigms could be compromised. However, we could show recently that these deficits can be overcome by a pre-exposure of NCAM^−/−^ mice to a neutral tone (CS--) and the training context (Albrecht et al., [@B1]). This now allowed us to investigate latent inhibition without confounds through fear memory deficits. Pre-exposure to the CS-- as well as to the CS+ resulted in comparable freezing levels between NCAM^−/−^ and NCAM^+/+^ mice. Animals of both genotypes reduced freezing towards the CS+ after CS+ pre-exposure, hence failing to provide evidence for attention deficits in NCAM^−/−^ mice.

Thus, morphological and behavioral data demonstrate that NCAM^−/−^ mice show only deficits in a subset of behavioral domains associated with schizophrenia, while other changes cannot be linked to this disease. Considering different aspects of NCAM function, its regulation through post-translational modifications and its various interaction partners may shed some light on this puzzle.

The extracellular portion of the NCAM molecule (NCAM-EC) can be cleaved by metalloproteases, which results in inhibition of neurite outgrowth and arborization of cortical neurons during development (Brennaman and Maness, [@B10]). Increased concentrations of NCAM-EC have been also observed in the cerebrospinal fluid of schizophrenic patients (Vawter et al., [@B62]). Based on this, Pillai-Nair et al. ([@B43]) developed transgenic mice that secrete an extracellular NCAM fragment. These animals display cytomorphological changes in the PFC as well as schizophrenia-related behavioral changes, including hyperactivity, working memory deficits and clozapine-reversible disturbance of prepulse inhibition (PPI). Strikingly, PPI, a pre-attentive sensory gating process, was found unaltered in NCAM^−/−^ mice (Plappert et al., [@B44]). Thus, mechanisms that control NCAM-mediated cell adhesion through protein expression and shedding appear to differentially affect certain schizophrenia-related phenotypes.

NCAM-mediated adhesion and its functions during development and in certain regions of the mature brain are highly dependent on its posttranslational modification by polysialic acid (PSA). PSA is added to the NCAM core protein through two Golgi-associated polysialyltransferases, ST8SiaII and ST8SiaIV, in a strictly regulated pattern (Bonfanti, [@B9]). And indeed, single nucleotide polymorphisms in the promoter region of the polysialyltransferases ST8SiaII have been also linked to schizophrenia (Arai et al., [@B3]; Tao et al., [@B55]). PSA has been implicated in the NCAM-mediated morphogenic processes in the olfactory bulb and hippocampal mossy fiber system (Hu et al., [@B28]; Seki and Rutishauser, [@B49]) as well as the interplay of stress and synaptic plasticity (Bisaz et al., [@B5]). ST8SiaIV mutant mice showed deficits in hippocampal plasticity (Eckhardt et al., [@B20]) and spatial memory (Markram et al., [@B39]), resembling deficits in NCAM^−/−^ mice (Cremer et al., [@B17]; Stork et al., [@B51]). This similarity of phenotypes suggests that polysialylated NCAM may be its relevant form in these mnemonic processes.

Interestingly, PSA is able to bind dopamine and a mutated form of ST8SiaII that has been observed also in schizophrenic patients previously, produces a PSA-NCAM type were this function is lost (Isomura et al., [@B29]). On the other hand, D2 receptor internalization is reduced and D2 surface expression and signaling are increased in NCAM^−/−^ mice (Xiao et al., [@B66]). Castillo-Gómez et al. ([@B13]) previously found reduced expression of PSA-NCAM after chronic treatment with haloperidol, an antipsychotic drug acting as a dopamine receptor type 2 (D2) antagonist, and an corresponding increase following a D2 agonist 2-(N-Phenethyl-N-propyl) amino-5-hydroxytetralin hydrochloride, In contrast, no D2-dependent expression modulation of the NCAM core protein is observed when PSA is enzymatically removed (Castillo-Gómez et al., [@B14]). Together these data indicate a differential interaction of the NCAM core protein and NCAM-PSA in the interaction with dopamine receptors, which appears to be negatively correlated with the strength of NCAM-mediated adhesion.

In addition, expression of PSA-NCAM in the PFC is modulated by serotonergic transmission (Varea et al., [@B60]). We have previously seen that without detectable changes in serotonin levels and 5-HT1A receptor expression, NCAM^−/−^ mice display increased responsiveness to serotonergic anxiolytics (Stork et al., [@B52], [@B51]). This serotonergic hypersensitivity may relate to an interaction of NCAM with inwardly rectifying potassium channels (Kir3.1, Delling et al., [@B19]), which itself has recently been identified as a schizophrenia susceptibility gene (Yamada et al., [@B67]). However, the potential role of PSA in these processes is not yet clear.

The compiled evidence from genetic association studies and mutant mouse analysis suggests that the NCAM associated-cell recognition and signaling complex (including FGF receptors: Terwisscha van Scheltinga et al., [@B56]; and NMDA receptors: Kochlamazashvili et al., [@B33]) are involved in the development of schizophrenia-related behavioral features. A systematic functional analysis of the different components of this complex and their interaction in nervous system development will help us to better understand the underlying pathophysiology. First steps have been taken by crossbreeding knock out strains for NCAM, ST8SiaII and ST8SiaIV, which revealed that imbalanced polysialylation of NCAM during development causes morphological deficits similar to those in schizophrenic patients (Hildebrandt et al., [@B27]). The fine differential sensitivity of cognitive functions, neuromodulation and social behavior and to mutations in the NCAM cell recognition complex will certainly help to further dissect these processes.
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